species in the single genus Selaginella P.Beauv. are delicate and adapted to warm and humid conditions. However, there are also arctic-alpine species as well as drought-tolerant xerophytes ( Jermy, 1990 ) . The family is the sister group to Isoëtaceae Dumort. (see, e.g., Wikström and Kenrick, 1997 ; Korall et al., 1999 ) , with which it shares the heterosporous condition, i.e., they produce two kinds of spores, mega-and microspores, in separate sporangia. Two morphological synapomorphies for Selaginellaceae are that the stele is found in an air-fi lled cavity connected to the surrounding tissue by so-called trabeculae and that the megasporangia contain only four megaspores ( Jermy, 1990 ; Kenrick and Crane, 1997 ) .
Species of Selaginella range from creeping to ascending and erect, sometimes with long and scandent shoots. Some 50 species have shoots with monomorphic vegetative leaves. Most of these species have the leaves helically arranged, but in three species the leaves are decussately arranged. Th e remaining 80-90% of the species have anisophyllous, fl attened shoots with vegetative leaves in four rows, where the two dorsal rows have smaller leaves than the ventral rows ( Jermy, 1990 ; see fi g. 3 of Korall and Kenrick, 2002 ) . Th e sporangia with subtending sporophylls are arranged in strobili at branch tips, either helically (in Selaginella selaginoides and S. defl exa ) or in tetrastichous strobili. Most species have sporophylls that are uniform in size, but some 60 species with dimorphic vegetative leaves also exhibit dimorphic sporophylls. For a few species, these bilateral strobili are nonresupinate , with smaller sporophylls in the same plane as the smaller vegetative leaves. However, most of the taxa with dimorphic sporophylls have resupinate strobili with the smaller sporophylls on the ventral side, i.e., in the same plane as the larger vegetative leaves ( Quansah and Th omas, 1985 ) . All but two species ( S. selaginoides and S. defl exa ) have root-like organs (rhizophores) arising along the stems, commonly in a ventral or dorsal position in branch dichotomies. Interspecifi c morphological diff erences in Selaginella are oft en indistinct or unclear, and the group is notorious for problems associated with species identifi cation. Th ese problems are also partly due to lack of knowledge of the alpha taxonomy (but see, e.g., Valdespino, 1993 Valdespino, , 2015 Gardner, 1997 ; Stefanović et al., 1997 ; Jermy and Holmes, 1998 ; Mickel et al., 2004 ; Zhang et al., 2013 ; Valdespino et al., 2015 ) .
Th e classifi cation of Selaginellaceae has been debated for the last 200 years, and several morphology-based classifi cations have been proposed (e.g., Palisot de Beauvois, 1804 ; Reichenbach, 1828 ; Spring, 1840 Spring, , 1849 Baker, 1883 ; Hieronymus and Sadebeck, 1901 ; Walton and Alston, 1938 ; Rothmaler, 1944 ; Tryon and Tryon, 1982 ; Jermy, 1986 ; Soják, 1993 ; see Zhou and Zhang, 2015 for a historical overview). Th e most widely used classifi cation during the recent decades is the one by Jermy (1986) . Jermy recognized fi ve subgenera in the single genus Selaginella and based these subgenera on phyllotaxy and leaf heteromorphism (isophylly vs. anisophylly): Selaginella (2 species), Tetragonostachys Jermy (ca. 50 species), Ericetorum Jermy (3 species), Heterostachys Baker (ca. 60 species), and Stachygynandrum (P.Beauv. ex Mirb.) Baker (ca. 600 species) .
Th e fi rst phylogenetic analyses based on DNA sequence data confi rmed that Selaginella is monophyletic ( Wikström and Kenrick, 1997 ; Korall et al., 1999 ) , something that had been assumed on morphological grounds for a long time. Since then, our knowledge of the phylogenetic relationships of the group has signifi cantly increased. Korall and coauthors ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ) analyzed a maximum of 62 species based on plastid ( rbcL ) and nuclear (26S rDNA) data. Recently, two phylogenetic analyses using rbcL and ITS data have been published. Arrigo et al. (2013) focused on subg. Tetragonostachys Jermy, whereas Zhou et al. (2015c) addressed the phylogeny of the genus as a whole, including a total of some 200 species, with a strong focus on taxa in China. Th e studies generally agree and show a basal dichotomy that resolves subg. Selaginella as sister to all species having rhizophores-the so-called rhizophoric clade. Studies by Korall and coauthors ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ) and Arrigo et al. (2013) showed that the rhizophoric clade is divided into two lineages (called clades A and B by Korall and Kenrick, 2002 ) . With an expanded taxon sampling, Zhou et al. (2015c) also retrieved a clade of two species ( S. sanguinolenta and S. nummularifolia ) as sister to clades A and B together. A number of subclades within clades A and B are identifi ed with strong support. Th e relationships among these subclades are, however, still partly unresolved, especially within clade A. In addition, many of the more recent lineages are unresolved or weakly supported. For some species, such as S. sinensis and close allies, the phylogenetic position is unclear and varies depending on the analysis Kenrick, 2002 , 2004 ; Zhou et al., 2015c ) .
Th e phylogenetic analyses based on DNA sequence data also show that morphological features, including those traditionally used for classifi cation (e.g., leaf heteromorphism, phyllotaxy, bilateral strobili, stelar arrangement, sporangial arrangement, and growth form), show complex evolutionary patterns with reversals and/or parallelisms ( Korall and Kenrick, 2002 ; Zhou et al., 2015c ) . A consequence of the homoplastic characters is that none of the earlier proposed morphology-based classifi cations accurately refl ect the phylogeny of the family. Th e fi rst classifi cation based on a phylogenetic analysis was presented by Zhou and Zhang (2015) , who relied on the phylogenetic study by Zhou et al. (2015c) . Zhou and Zhang (2015) divided Selaginella into six subgenera and 18 sections, and, despite the problems of fi nding unequivocal morphological synapomorphies for most of the groups, they used both morphological and chromosome data in their classifi cation.
During the last 15 years, we have seen signifi cant progress in our understanding of phylogenetic relationships within Selaginella . Nevertheless, there are issues still needing consideration. To facilitate further studies on the evolutionary history of the group, such as historical biogeographical analyses, as well as to serve as a broad basis for alpha-taxonomical work and classifi cation, we needed to address in particular: (1) taxon sampling in a geographical perspective (especially with focus on African diversity) and with strong attention paid to the identifi cation of specimens, (2) phylogenetic uncertainty (e.g., resolution of the phylogenetic positions of enigmatic groups such as S. sinensis and close allies), and (3) our lack of knowledge on (gross) morphology.
Th e aim of our study was to present a well-supported, large-scale phylogenetic analysis of Selaginella based on a broad taxon sampling, including previously undersampled African species diversity. We expanded previous phylogenetic studies by sampling about one-third of the recognized Selaginella species, many of which are represented by multiple accessions; our sampling was worldwide, of most recognized clades, and of morphological diversity in the genus. For the first time, we have also included data from two single-copy nuclear genes, together with chloroplast data. In light of our new phylogeny, which reveals more complex morphological patterns than previously reported ( Korall and Kenrick, 2002 ; Korall and Taylor, 2006 ; Zhou et al., 2015c ) , we discuss morphological character evolution within Selaginella .
MATERIALS AND METHODS
Species identifi cation and nomenclature -Th e alpha taxonomy of Selaginella is poorly investigated, and taxonomic treatments and fl oras are for many regions of the world in need of revision or wanting. Species identifi cation is thus problematic, and many herbarium accessions are misidentifi ed. For herbarium specimens, we have, as far as possible, chosen accessions verifi ed by experts in the fi eld; when verifi cation was not possible, we compared our samples to accessions identifi ed by experts. To address species identifi cation and the taxonomy and nomenclature at the species level, we have used species descriptions, fl oras, Reed (1965 Reed ( -1966 , online checklists (e.g., Hassler and Schmitt, 2001 ) , and other recent publications aff ecting nomenclature of the species (e.g., Smith et al., 2016 ) .
Taxon sampling -Th e ingroup included a total of 340 accessions, representing 223 species. We have tried to cover morphological, taxonomic, and geographical diversity found in the group. To allow for an evaluation of within-species variation, we included several accessions for 68 species, based on preliminary results indicating problematic species delimitations and availability of plant material. Accessions in GenBank were used with caution since preliminary analyses, including all GenBank rbcL -accessions of Selaginella , retrieved many species as nonmonophyletic, indicating possible problems with identifi cation. Th e outgroup comprised six species of Isoëtes L., a genus for which the sister relationship with Selaginella is well established in several studies (e.g., Wikström and Kenrick, 1997 ; Korall et al., 1999 ) . Taxa included in the study, information on vouchers, geographic origin, and GenBank accession numbers are listed in Appendix 1. A total of 478 sequences are newly generated our study.
DNA extraction, PCR, and sequencing -Total DNA was extracted from silica-dried tissue or herbarium material (the oldest collected in 1921) using a modifi ed Carlson-Yoon protocol ( Yoon et al., 1991 ) . Dried plant material (20-30 mg) was added to a 2 mL tube with silica beads and ground for 30 s using a Mini-Beadbeater (BioSpec Products, Bartlesville, Oklahoma, USA), 750 μL Carlson buffer and 7.5 μL mercaptoethanol were then added, whereupon the sample was ground for another 30 s, then incubated at 65 ° C for 60 min. Aft er incubation, 750 μL chloroform-isoamyl alcohol (24:1) was added, and the samples slowly shaken for 30 min. Following 15 min of centrifugation, 2/3 volumes of isopropyl alcohol was added to the water phase and the samples were left for 1-3 weeks at -20 ° C for DNA to precipitate. Th e DNA pellets were collected aft er centrifugation, washed in buff er (76% ethanol, 10 mM ammonium acetate), and dissolved in 100 μL 10 mM Tris-HCl (pH 8.0). In most cases, the DNA worked for direct PCR, but if not, it was purifi ed using the Illustra GFX PCR DNA and Gel Band Purifi cation Kit (GE Healthcare, Little Chalfont, UK) according to the manufacturer's instructions.
Data from three diff erent genes were included in the study: the chloroplast gene rbcL , and two nuclear genes pgiC and SQD1 . rbcL has previously been shown to be useful for phylogenetic analyses in Selaginella ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . pgiC and SQD1 have hitherto not been used in phylogenetic studies involving lycophytes, but have recently been reported to be single-copy in ferns ( Rothfels et al., 2013 ) .
Primers used in PCR amplifi cation and sequencing are listed in Table 1 . One primer for rbcL was designed for this study, whereas the other rbcL primers used were taken from Wikström and Kenrick (1997) and Korall et al. (1999) . Selaginella specifi c pgiC and SQD1 primers were designed using transcriptome data obtained from the 1000 Plants Initiative (1KP, onekp.com). A slightly adapted version of the script lasseblaste ( Larsson, 2013 ) in combination with MAFFT version 7.127b ( Katoh and Standley, 2013 ) were used to extract and align relevant sequences from transcriptome data of eight Selaginella species. Primers were designed using the program AliView version 1.18-beta7 . Our analyses of the transcriptome data, subsequent laboratory work, and phylogenetic analyses indicated that both genes are single-copy in Selaginella , as they are in ferns. Nuclear sequences from the published genome of S. moellendorffi i were excluded from the study since the specimen shows two haplotypes with substantial DNA polymorphism ( Banks et al., 2011 ) and a hybrid origin cannot be ruled out.
PCR reactions were performed in 15 μL volumes using standard Taq polymerase. Th e long rbcL region was mostly amplifi ed in two separate PCR reactions to be able to get PCR products, despite the poor quality of the total DNA obtained from many of the herbarium accessions used. Th e following PCR protocol was used: an initial denaturation step of 95 ° C for 5 min; then 35 cycles of 94 ° C for 30 s, 50 ° C for 30 s, and 72 ° C for 2 min; followed by a fi nal elongation step of 72 ° C for 10 min. Th e pgiC and SQD1 regions were both amplifi ed following the PCR protocol: initial denaturation of 95 ° C for 5 min; then 40 cycles of 95 ° C for 30 s, 54 ° C for 30 s, and 72 ° C for 2 min; followed by a fi nal elongation of 72 ° C for 10 min.
PCR products were purifi ed using Illustra ExoProStar 1-Step (GE Healthcare) and later sequenced by Macrogen (Amsterdam, Netherlands) using the same primers as were used for PCR amplifi cation.
Sequences for outgroup species were obtained from GenBank and the 1000 Plants Initiative (1KP, onekp.com), from the latter by using a slightly adapted version of the script lasseblaste ( Larsson, 2013 ) .
Multiple sequence alignments and phylogenetic analyses -All sequences were assembled and edited using Pregap4 and Gap4, both modules of the Staden package version 2.0 ( Staden, 1996 ) . For each of the three regions, a multiple sequence alignment was performed with MAFFT version 7.127b ( Katoh and Standley, 2013 ) , followed by visual inspection in AliView version 1.18-beta7 . Introns were present in the two nuclear data sets ( pgiC and SQD1 ), but not in rbcL . Sections with ambiguous alignment, including all intron regions, were manually excluded. If two or more rbcL sequences obtained from different accessions of the same species Notes: The whole rbcL region was amplifi ed with primer pair rbcL1F + rbcL1409R. When the rbcL region had to be amplifi ed in two separate PCR reactions, rbcL1F + rbcL770R and rbcL406F + rbcL1402R were the most successful primer pairs. Occasionally, primer pairs rbcL406F + rbcL1192R or SWRBCL-648F + rbcL1402R worked better for amplifi cation of the second half of the region. Primers used for sequencing were always the same as the ones used for amplifi cation.
were identical, the accession with the most regions sequenced was kept for further analyses. However, the identical multiple accessions are noted in the phylogenetic trees and in Appendix 1. Sequences obtained have been deposited in GenBank. Alignments and the phylogenetic tree ( Fig. 2 ) are available in the Dryad Digital Repository (http://doi.org/10.5061/dryad.88fh 0). Prior to the phylogenetic analyses, the best-fi tting nucleotide substitution model for each of the three single-region data sets was determined based on the corrected Akaike information criterion (AICc) as implemented in the program MrAIC version 1.4.6 ( Nylander, 2004 ;  Table 2 ). To evaluate congruence among the regions, we then analyzed each single data set using Bayesian inference as implemented in the parallel version of MrBayes 3.2.4 ( Ronquist and Huelsenbeck, 2003 ) . For the rbcL data set, four independent runs with eight chains each were run for 40 million generations, employing a temperature parameter of 0.05. For the two nuclear data sets, pgiC and SQD1 , four independent runs with four chains each were run for 20 million generations. Th e temperature parameter was set to 0.1. In all three analyses, parameters were sampled every 2000 generations. Th e increased number of chains and the lowered temperature parameter in the analysis of the rbcL data set was used to enhance chain-mixing. Sampled values were visually inspected for convergence using the programs Tracer version 1.6 and AWTY ( Wilgenbusch et al., 2004 ; Nylander et al., 2008 ) , as well as by evaluating the standard deviation of the split frequencies among the independent runs and the PSRF values. For each run, the fi rst 20% of the samples was discarded as burn-in before summarizing the posterior as a 50% majority-rule consensus tree.
To evaluate potential confl icts among the single-region data sets, we manually compared the consensus topologies and considered incongruences supported by a Bayesian posterior probability (PP) of 0.95 or higher as a confl ict. Only three minor confl icts were identifi ed, and the three single-region data sets were concatenated using abioscripts ( Larsson, 2010 ) . All accessions with data present for at least the rbcL region were included. Th e combined data set was then subject to Bayesian inference analyses in the parallel version of MrBayes 3.2.4 ( Ronquist and Huelsenbeck, 2003 ) , where each single region was assigned its own partition with substitution model parameters unlinked between partitions. Th e combined analyses were run for 20 million generations with the same settings as for the single-region pgiC and SQD1 analyses. For each run, 4 million generations (20%) were discarded as burn-in before summarizing the posterior as a 50% majority-rule consensus tree. We considered a PP > 0.95 as well (or strongly) supported, a PP between 0.90-0.95 as moderately supported, and a PP < 0.90 as weakly supported.
Preliminary phylogenetic analyses based on data from all three DNA regions, but with diff erent taxon samplings, showed instability with respect to the position of the clade containing S. sanguinolenta and S. nummularifolia (henceforth called the " sanguinolenta group"). Th is clade (eight accessions) changes position depending on taxon sampling. To evaluate this instability, we performed Bayesian inference analyses of the combined three-region data set with diff erent taxon sampling as follows: (1) all taxa included and (2) exclusion of the sanguinolenta group.
Computation-intensive analyses were run on the Uppsala Multidisciplinary Center for Advanced Computational Science (UPPMAX). Trees were inspected in FigTree version 1.4.2 ( Rambaut, 2006 ) . All trees were rooted with Isoëtes as the outgroup.
Morphology -Vouchers of the included accessions were studied morphologically with respect to traits that in earlier phylogenetic studies and classifi cations (e.g., Spring, 1840 Spring, , 1849 Baker, 1883 ; Hieronymus and Sadebeck, 1901 ; Jermy, 1986 ; Korall and Kenrick, 2002 ; Korall and Taylor, 2006 ; Zhou et al., 2015c ) have been proposed to be of interest for recognizing major groups within the family: vegetative leaf and sporophyll heteromorphism (unrelated to the size diff erences sometimes observed between megaand microsporophylls), phyllotaxy, rhizophore position, presence/ absence of articulations (i.e., swellings below stem dichotomies that in dried specimens oft en are seen as dark, constricted segments), and, for some species, also stelar arrangement and megaspore features. In addition, presence of xerophytism was noted. Our focus has been on features observable with the naked eye or stereomicroscope, i.e., features that are more easily and more oft en studied during identifi cation of taxa, rather than microscopic features, such as microspore ornamentation. Whenever possible, we verifi ed our observations of morphological features using literature data (e.g., Baker, 1885 ; Harvey-Gibson, 1894 ; Hieronymus and Sadebeck, 1901 ; Bower, 1908 ; van Alderwerelt van Rosenburgh, 1915 ; Brause, 1921 ; Steel, 1923 ; Wardlaw, 1925 ; Alston, 1934 ; Tryon, 1949 ; Horner and Arnott, 1963 ; Hellwig, 1969 ; Mickel and Hellwig, 1969 ; Crabbe and Jermy, 1973 ; Alston et al., 1981 ; Mukhopadhyay and Sen, 1981 ; Tryon and Tryon, 1982 ; Minaki, 1984 ; Quansah and Th omas, 1985 ; Dahlen, 1988 ; Quansah, 1988 ; Taylor, 1989 ; Rauh and Hagemann, 1991 ; Tryon and Lugardon, 1991 ; Valdespino, 1993 ; Gardner, 1997 ; Stefanović et al., 1997 ; Jermy and Holmes, 1998 ; Morbelli and Rowley, 1999 ; Moran and Smith, 2001 ; Morbelli et al., 2001 ; Korall and Kenrick, 2002 ; Liu et al., 2002 ; Mickel et al., 2004 ; Korall and Taylor, 2006 ; Roux, 2008 ; Al-Shehri and Lashin, 2009 ; Roy and Borthakur, 2011 ; Maideen et al., 2013 ; Schulz et al., 2013 ; Zhang et al., 2013 ; Singh et al., 2014a , b ; Zhou and Zhang, 2015 ; Zhou et al., 2015a -c ) . 
RESULTS
Tree statistics -Summary statistics for the four data sets analyzed in this study (the three single-region data sets and the combined data set) can be seen in Table 2 . Th e number of characters analyzed for the rbcL , pgiC , and SQD1 data sets were 1362, 427, and 534 bp, respectively. Taxon-wise, the rbcL data set was the most complete, with sequence data for all taxa, totaling 346 accessions (identical sequences included), whereas the two nuclear data sets pgiC and SQD1 included data for 113 and 129 accessions, respectively (identical sequences included). Th e proportion of variable characters was very high for all of the three single-region data sets: rbcL 58%, pgiC 54%, and SQD1 56%. Th e combined three-region data set comprised 338 accessions (the sanguinolenta group accessions excluded), and 2323 characters, of which 57% were variable. Of 588 sequences analyzed, 478 were newly generated in this study (Appendix 1).
Phylogenetic analyses of single-region data sets -The resulting phylogenies from the three single-region Bayesian inference analyses ( rbcL , pgiC , and SQD1 , respectively) showed very similar topologies. The single-region phylogenies involved only three conflicts concerning the positions of S. effusa , S. mairei , and S. pulvinata (Appendices S1-S3, see Supplemental Data with the online version of this article). The first two conflicts relate to topological differences between the rbcL and pgiC phylogenies, whereas S. pulvinata shows different positions in the rbcL and the SQD1 phylogenies. These conflicts were considered minor, and the data sets were therefore combined for further analysis.
As noted above, the proportion of variable characters is high in all three single-region data sets ( Table 2 ). In the nuclear singleregion analyses, the substitutions are more or less evenly distributed over the tree, whereas in the chloroplast phylogeny branch length diff erences indicate rate heterogeneity between the major clades (Appendices S1-S3).
Phylogenetic analyses of combined three-region data set -
Position of the sanguinolenta group-The two species in the sanguinolenta group are, based on eight accessions, shown to be a monophyletic group with strong support, with S. nummularifolia nested within S. sanguinolenta (online Appendix S4 ). However, the phylogenetic position of the group diff ers between analyses (Appendices S1-S4). Although the incongruent positions are not strongly supported and therefore were not seen as confl icts, the diff erences in positions were substantial. Bayesian inference analysis of the combined three-region data set indicates, with strong support (PP 1.0/PP 1.0, referring to the older and younger nodes involved, respectively), that the group is sister to all Selaginella species except S. selaginoides and S. defl exa (position α in Fig. 1 ; Appendix S4). Th is position is also found in the single-region analyses of rbcL and SQD1 , with weak (PP 1.0/ PP 0.82; Appendix S1) and strong support (PP 1.0/PP 0.96; Appendix S3), respectively. However, in the single-region analysis of pgiC , S. sanguinolenta is sister to clade B with moderate support (PP 0.91/PP 0.93; position β in Fig. 1 ; Appendix S2). Due to the disparate positions of the sanguinolenta group, two analyses with the combined three-region data set were performed: one with and one without the eight accessions belonging to the group. Th e well-supported lineages are identical between the two analyses, but with slightly lower support in the analysis including the sanguinolenta group.
Hereafter, only the results from the combined analysis with S. sanguinolenta and S. nummularifolia excluded will be presented (see section Enigmatic phylogenetic position of the sanguinolenta group for further discussion).
Phylogenetic relationships-We identifi ed seven major, well-supported clades (schematic tree in Fig. 1 ; detailed phylogeny in Fig.  2A -G , summarized in one fi gure in online Appendix S5) here referred to as the selaginella, rupestrae, lepidophyllae, gymnogynum, exaltatae, ericetorum, and stachygynandrum clades. If an unnamed clade is discussed, it is referred to by its outermost (top and bottom) species as depicted in Fig. 2 .
Our results showed a phylogenetic tree with an overall wellsupported topology ( Fig. 2 ) . All relationships discussed below are supported by a PP of 1.0 unless otherwise stated. Th e selaginella clade, including S. selaginoides and S. defl exa , is monophyletic ( Fig. 2A ) and sister to the rhizophoric clade (sensu Korall et al., 1999 ) comprising all other Selaginella species. Th e rhizophoric clade is further subdivided into two groups: clades A and B (sensu Korall and Kenrick, 2002 ) . Clade A includes 63 species (102 accessions) in our analysis, divided into the fi ve clades: rupestrae (33 species), lepidophyllae (2 species), gymnogynum (19 species), exaltatae (3 species), and ericetorum (6 species). Th e rupestrae clade is sister to the lepidophyllae clade, but the relationship between this clade and the three other clades in clade A is unresolved ( Fig. 2A, B ) .
Th e majority of the Selaginella taxa, 156 species (224 accessions) in our analysis, are found in clade B, which corresponds to the stachygynandrum clade (PP 0.97; . Th e topology of the stachygynandrum clade is well resolved, with several well-supported subclades. Within stachygynandrum, the sinensis group ( S. yemensis-S. sechellarum , including 10 species and 13 accessions; Fig. 2C ) is sister to the other species. Th e remaining species of stachygynandrum are divided into fi ve larger clades: a dry-tolerant clade of 10 species ( S. nubigena-S. digitata ; 13 accessions; Morphology-By relating morphology to our phylogenetic hypothesis based on DNA sequence data, we show that the presence of rhizophores and tetrastichous strobili are synapomorphies of the rhizophoric clade. All other morphological characters studied involve reversals and/or parallelisms, including vegetative leaf and sporophyll isophylly/anisophylly, phyllotaxy of vegetative leaves, articulations, stelar arrangement, megaspore morphology, and possibly rhizophore position ( Table 3 ; Fig. 2 ). Many of these characters are, nevertheless, at some level, phylogenetically informative with character states that define clades. Examples include the solenostelic rhizome that is unique to species in the ericetorum clade ( Fig. 2B ) and the tristelic condition in species in a subclade of the stachygynandrum clade ( Fig. 2D ) . Th e interpretation of other characters is more complex with, e.g., the presence of bilateral resupinate strobili being strongly homoplastic ( Fig. 2D, E, G ) . FIGURE 1 A schematic overview of the phylogenetic relationships of Selaginella retrieved by a Bayesian inference analysis of the combined threeregion data set ( rbcL , pgiC , and SQD1 ), depicting the seven major clades discussed. The two alternative positions for the sanguinolenta group are marked as "position α " and "position β ". All nodes are supported by a Bayesian posterior probability (PP) of 1.0, except for clade B (PP 0.97). Clade size is based on number of species, scaled logarithmically.
DISCUSSION
Th is study presents a well-resolved phylogeny of the lycophyte family Selaginellaceae. Th e group has, for the fi rst time, been analyzed using two single-copy nuclear markers along with the commonly used plastid data. Furthermore, this study includes several newly sampled African taxa, a geographical region that has hitherto been undersampled. Th ree topological confl icts were found among the analyses of the single-region data sets, involving the positions of S. eff usa , S. mairei , and S. pulvinata (Appendices S1-S3). Th e positions in the plastid data set agree with the positions found in the analysis of the combined three-region data set, as well as the results found by Zhou et al. (2015c) . We therefore suggest that the divergent results retrieved by the analyses of the respective nuclear data sets are explained by the smaller and somewhat skewed taxon sampling in these data sets. Th e result of the combined analysis, including both the nuclear regions and the plastid data, shows an overall well-supported phylogeny, with strong support for both deep nodes in the tree as well as relationships closer to the tips ( Fig. 2 ) .
Both the plastid and the nuclear data sets show a large number of substitutions, with the percentage of variable characters ranging from 54-58%. Th ese high numbers are also reported for other regions (26S rDNA: Korall and Kenrick, 2004 ; ITS: Arrigo et al., 2013 and Zhou et al., 2015c ) . We also confi rm the fi nding by Korall and Kenrick (2002) that the plastid data set diff ers remarkably in branch lengths between clades A and B, a pattern not mirrored in the nuclear data sets. Th e large number of substitutions and the heterogeneous distribution of these have in previous studies contributed to analytical problems, with ambiguous phylogenetic positions of clades with long branches, such as the sinensis group (see, e.g., Kenrick, 2002 , 2004 ) . In this study, however, we found a well-supported position of this group (see section Th e sinensis group ).
Th e larger groups retrieved in our study are in concordance with previous studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . Th e high support for many of the clades is, however, new to this study; it has not been retrieved in earlier studies based on plastid data alone, or plastid data in combination with the nuclear 26S rRNA or ITS region (see, e.g., Korall and Kenrick, 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . As in previous studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Zhou et al., 2015c ) , we found that Jermy's classifi cation (1986) includes only two monophyletic subgenera, i.e., Selaginella and Tetragonostachys . Subgenera Ericetorum , Heterostachys , and Stachygynandrum are nonmonophyletic. Th e classifi cation presented by Zhou and Zhang (2015) is based on monophyletic groups found in their phylogenetic analysis of Selaginella ( Zhou et al., 2015c ) .
Our phylogenetic analysis, combined with the morphological data presented here, provides a well-supported hypothesis for future discussions on the evolution of the single genus Selaginella , as well as a robust framework for a new subgeneric classifi cation ( Weststrand and Korall, 2016 , in this issue ) . Names of the seven major clades presented below (selaginella, rupestrae, lepidophyllae, gymnogynum, exaltatae, ericetorum, and stachygynandrum) correspond to the subgeneric names in this classifi cation . Subgenera and other well-established groups that are circumscribed diff erently by previous authors will for clarity be referenced to with an accompanying "sensu".
Phylogenetic relationships within Selaginella -In the following section, only the result of the phylogenetic analysis where the accessions of S. sanguinolenta and S. nummularifolia (the sanguinolenta group) were excluded will be discussed ( Fig. 2 ) . For a discussion on the sanguinolenta group, see the section Enigmatic phylogenetic position of the sanguinolenta group below.
Relationships among larger groups-We confi rm the sister relationship between the selaginella clade (which corresponds to the subgenus Selaginella in our proposed classifi cation; Weststrand and Korall, 2016 ) , and the rest of the genus, the so-called rhizophoric clade (sensu Korall et al., 1999 ) , which is characterized by having rhizophores ( Fig. 1 ) . Th is large clade is, in turn, divided into two groups: clades A and B (sensu Korall and Kenrick, 2002 ) . Th ese relationships were recovered in previous studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . However, Zhou et al. (2015c) also retrieved a clade of S. sanguinolenta and S. nummularifolia (i.e., the sanguinolenta group) as sister to clades A plus B. Our clade A includes fi ve of the seven major clades (rupestrae, lepidophyllae, gymnogynum, exaltatae, and ericetorum). Clade B is equivalent to the clade stachygynandrum ( Fig. 1 ) .
Th e fi ve major clades in clade A are all well supported, with the rupestrae clade and the lepidophyllae clade in a strongly supported sister relationship ( Figs. 1 and 2 ) . Th e relationships among these two and the other three clades (gymnogynum, exaltatae, and ericetorum) are, however, only weakly supported ( Figs. 1 and 2 ). Nevertheless, this topology is in line with all previous studies that use a model-based approach ( Korall and Kenrick, 2002 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . Th e proposed presence of a "dorsal rhizophoric clade" within clade A ( Korall and Kenrick, 2002 ) lacks support in this study, as in other studies ( Korall and Kenrick, 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . All species in clades rupestrae, lepidophyllae, gymnogynum, and exaltatae, as well as the sanguinolenta group, possess dorsal rhizophores, whereas the ericetorum clade, which is nested among the other clades, has rhizophores restricted to the base of the stem and rhizome in the perennials. Th us, the terminology of ventral or dorsal rhizophores cannot easily be applied to the ericetorum clade.
Th e selaginella clade-Two species are found in the selaginella clade: the type of the genus, S. selaginoides, which is circumboreal, and the Hawaiian endemic S. defl exa ( Fig. 2A ) . Th e monophyly of the clade and its sister relationship to the rhizophoric clade have not been questioned in any previous phylogenetic analyses ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . Th e group corresponds to the subgenus Selaginella as circumscribed by both Jermy (1986) and Zhou and Zhang (2015) . With sequence data from fi ve accessions of S. selaginoides , our data indicate that the species is monophyletic, as found by Zhou et al. (2015c) . Th e two species are recognized by having both monomorphic vegetative leaves and monomorphic sporophylls, all helically arranged. In addition, the species lack rhizophores. Th e group does not include any other species than the two included in this study. See Table 3 for a comparison of morphological characters among the seven major clades.
Th e rupestrae clade-Based on 33 species (35 accessions), the monophyly of the rupestrae clade is unequivocal, as in all previous phylogenetic studies ( Fig. 2A ; Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . Th e group was treated as subg. Tetragonostachys by Jermy (1986) , and as subg. Ericetorum sect. Homoeophyllae Spring by Zhou and Zhang (2015) , and VII. Homoeophyllae clade in superclade Ericetorum /superclade A by Zhou et al. (2015c) . Th is group is easily recognized by having monomorphic (to slightly dimorphic) and helically arranged vegetative leaves, isophyllous (sometimes slightly anisophyllous) and tetrastichous strobili, and dorsal rhizophores. Th e rupestrae clade includes ca. 50 xerophytic species mainly in North America ( Tryon, 1955 ; Jermy, 1990 ; Arrigo et al., 2013 ) . In line with previous phylogenetic studies, which included more taxa, the relationships within the group are mostly unresolved ( Fig. 2A ; Arrigo et al., 2013 ; Zhou et al., 2015c ) .
Th e lepidophyllae clade-Selaginella lepidophylla and S. novoleonensis , distributed in the southwestern Unites States and Mexico, and Mexico, respectively, represent the lepidophyllae clade (3 accessions in our analysis; Fig. 2A ) . Th e group is characterized by having dorsal rhizophores, being xerophytic, and a rosetted habit with branches that curl inwards during drought. Vegetative leaves are dimorphic and arranged in four rows, and sporophylls are monomorphic in tetrastichous strobili. Th e sister group relationship between the lepidophyllae and rupestrae clades is here strongly supported, and seen in earlier studies as well, where only S. lepidophylla was included ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . A possible morphological synapomorphy uniting these two clades is the presence of granules on the inner surface of the exospore of the megaspores ( Korall and Taylor, 2006 ), a character not reported for species in any other group. Rosette-forming Selaginella species are also found in two clades in the stachygynandrum clade: S. nubigena -S. digitata and S. hirsuta -S. contigua ( Fig. 2C, G ) . However, these species possess ventral rhizophores. Th e group was treated as subg. Ericetorum sect. Lepidophyllae Li Bing Zhang & X.M.Zhou by Zhou and Zhang (2015) , and VIII. S. lepidophylla clade in superclade Ericetorum / superclade A by Zhou et al. (2015c) .
Th e gymnogynum clade-Th is clade is well supported with 19 species (43 accessions) in our analysis ( Fig. 2B ) . Species of the gymnogynum clade have dimorphic vegetative leaves in four rows (at least on the distal parts of the plant) and monomorphic sporophylls in tetrastichous strobili. Th e species have previously been included in series Articulatae (Spring) Hieron. & Sadeb. However, Articulatae as circumscribed by Spring is here shown to be nonmonophyletic, as in other studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) , and correspond to two clades: gymnogynum and exaltatae. Species included in the gymnogynum clade all possess the morphological characters used to describe the series Articulatae and have the following key characters: articulated stems, dorsal rhizophores, a single (rarely two) basal megasporangium surrounded by enlarged sterile sporophylls in an otherwise microsporangiate strobilus, and large reticulate megaspores with a grid-like pattern in cross sections of the exospore ( Somers, 1982 ; Korall and Taylor, 2006 ) . Selaginella species have a protostele in the stem, and for most species in the gymnogynum clade, the protostele is a simple, circular to elliptic monostele or a bistele, but three or more steles are found in the stems of a few gymnogynum species ( Fig. 2B ) . Th e group was treated as subg. Ericetorum sect. Articulatae (Spring) Li Bing Zhang & X.M.Zhou by Zhou and Zhang (2015) , and VI. Articulatae clade in superclade Ericetorum /superclade A by Zhou et al. (2015c) .
Previous studies have shown a basal split in the gymnogynum clade, with the African S . kraussiana and the Asian S. remotifolia as sister to the Central and South American species. Here, we show that the Central and South American S. silvestris is sister to S. remotifolia with strong support. Th e report of S. apoda in this clade by Arrigo et al. (2013) is based on a GenBank sequence from a misidentifi ed specimen of S. kraussiana ( Korall et al., 1999 ) .
FIGURE 2
The 50% majority-rule consensus tree of Selaginella resulting from a Bayesian inference analysis of the combined three-region data set ( rbcL , pgiC , and SQD1 ), divided into panels A-G. Data for the sanguinolenta group excluded. Numbers associated with internal branches denote Bayesian posterior probabilities. The numbers /0.05/ and /0.1/ refer to cut branches where the missing length corresponds to 0.05 substitutions/site and 0.1 substitutions/site, respectively. The presence of a number of morphological characters is mapped. Character states are defi ned in panel A. I. , Isoëtes ; S. , Selaginella . Panel (A) shows the outgroup (the Isoëtes clade), and the selaginella, rupestrae, and lepidophyllae clades, (B) shows the gymnogynum, exaltatae, and ericetorum clades, (C) shows the S. yemensis-S. sechellarum and S. nubigena-S. digitata subclades within the stachygynandrum clade, (D) shows the S. douglasii-S. mayeri subclade within the stachygynandrum clade, (E) shows the S. monospora-S. arbuscula subclade within the stachygynandrum clade, (F) shows the S. versicolor-S. roxburghii and S. moellendorffi i-S. biformis subclades within the stachygynandrum clade, and (G) shows the S. hirsuta-S. contigua subclade within the stachygynandrum clade.
We estimate that the group comprises ca. 40 species ( Spring, 1840 ( Spring, , 1849 Hieronymus and Sadebeck, 1901 ; Walton and Alston, 1938 ; Somers, 1982 ) . Th ey are nearly all neotropical, with the exception of the African S. kraussiana and a few Asian species (represented by S. remotifolia in our analysis, the others possibly conspecifi c with it) ( Somers, 1982 ; Moran and Smith, 2001 ).
The exaltatae clade-This small clade comprises three species (8 accessions) in our analysis: S. exaltata from Central and South America, and S. congoensis and S. myosurus from Africa ( Fig. 2B ) . Selaginella exaltata and S. myosurus have been included in previous phylogenetic studies but with unclear positions, both with respect to each other and to species here referred to the gymnogynum and ericetorum clades ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . We show that the group is strongly supported as monophyletic, but its sister relationship to the ericetorum clade is only weakly supported. Zhou et al. (2015c) analyzed two of these species, S. exaltata and S. myosurus , but did not fi nd them as sisters. Th e two species were referred to as subg. Ericetorum sect. Megalosporarum Li Bing Zhang & X.M.Zhou and subg. Ericetorum sect. Myosurus Li Bing Zhang & X.M.Zhou, respectively, by Zhou and Zhang (2015) .
Th e exaltatae clade shares most morphological features with the gymnogynum clade, but only S. exaltata has traditionally been included in series Articulatae (Spring) Hieron. & Sadeb. Th ere are two main morphological diff erences between the gymnogynum and exaltatae clades. First, not all species in the exaltatae clade have articulations; these are lacking in both S. congoensis and S. myosurus ( Fig. 2B ) . Second, a unique type of stele, where the protostele is at least three-lobed, seems to support the monophyly of the exaltatae clade. In comparison, species in the gymnogynum clade have simple circular or elliptic protosteles. Mickel and Hellwig (1969) did a thorough study of the stelar arrangement of the stems of S. exaltata and found what they called an "actino-plectostele", a type of stele not previously described in Selaginella . Th ey described it as a "three-lobed plectostele", i.e., a lobed protostele with xylem in several strands and these strands surrounded by phloem. We confi rm their observation in our accessions of S. exaltata . Th e two other species, S. congoensis and S. myosurus , have a three-lobed actinostele in their main stems, i.e., a lobed protostele with xylem in a solid strand (S. Weststrand and P. Korall, personal observation). Besides these features, all members of the exaltatae clade also seem to share a more or less scandent growth form, a habit not common among other species in Selaginella (but see, e.g., S. helferi and S. willdenowii from Asia).
The ericetorum clade-Our results, based on six species (13 accessions), show that the three species previously included in (Continued) subg. Ericetorum sensu Jermy ( S. gracillima , S. pygmaea , and S. uliginosa ) do not form a monophyletic group ( Fig. 2B ) . Instead, they are strongly supported in a clade with three Madagascan species ( S. lyallii , S. moratii , and S. pectinata ), and the ericetorum clade as defined here includes all six species. The monophyly of this expanded group has been shown in previous studies ( Korall and Kenrick, 2002 ; Arrigo et al., 2013 ; Zhou et al., 2015c ;  all three studies were based on the same six rbcL sequences). The group is treated as subg. Relationships within the ericetorum clade have hitherto lacked support. Here we show that the South African specimen of S. pygmaea is sister to the three Madagascan species, and that these are, in turn, sister to the Australian S. gracillima and S. uliginosa . However, species boundaries are unclear in the group. Our results indicate that S. gracillima is not monophyletic, with S. uliginosa nested within, and that accessions of S. lyallii , S. moratii , and S. pectinata form an unresolved complex.
Selaginella uliginosa , S. gracillima , and S. pygmaea are small plants, the last two annuals, whereas the three Madagascan species ( S. lyallii , S. moratii , and S. pectinata ) are larger and perennial. At least some of the vegetative leaves are monomorphic and decussately arranged in all species, but leaves become dimorphic (arranged in four rows) in the distal parts of the shoots of the Madagascan species. Sporophylls are monomorphic and the strobili tetrastichous for all members of the ericetorum clade. Two morphological characters are unique for the group. First, the megaspores have wing-like laesurae, which are seen also in other species; in the ericetorum clade, this feature co-occurs with a porous surface between the laesurae. In some species, the laesurae are more or less convoluted at the pole, forming a "complex mass" (see, e.g., S. gracillima ) ( Minaki, 1984 ; Stefanović et al., 1997 ; Korall and Taylor, 2006 ; Schulz et al., 2013 ) . Second, the perennials have a creeping solenostelic rhizome, commonly with polystelic stems ( HarveyGibson, 1894 ; Hieronymus and Sadebeck, 1901 ; Bower, 1908 ; Steel, 1923 ; Jermy, 1986 ; Rauh and Hagemann, 1991 ) . Th ese two characters are not known in any other species of Selaginella to our knowledge. Schulz et al. (2013) provided a morphology-based taxonomic revision of subg. Ericetorum sensu Jermy and suggested that S. pygmaea should be divided into two species: S. pygmaea in South Africa and S. aboriginalis C.Schulz & Homberg restricted to Australia. Th ey also identifi ed S. royenii Alston from New Guinea as belonging to the subgenus. All species are shown to have the wing-like laesurae with the complex mass at the proximal pole on the megaspore ( Schulz et al., 2013 ) . Th us, depending on species delimitation, the ericetorum clade might comprise at least eight species. Th e results of Schulz et al. (2013) and our phylogenetic analysis highlight the need to evaluate the species delimitations in the group, including analysis of DNA sequence data and additional sampling.
Th e stachygynandrum clade-Clade B, with 156 species (224 accessions) in our analysis, corresponds to the stachygynandrum clade ( Fig. 2C-G ) . Th e group has mostly been retrieved with strong support in earlier studies, but the varying positions of the sinensis group have aff ected the interpretations (see section Th e sinensis group, below) ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) . Species in this clade were referred to as subgenera Stachygynandrum , Heterostachys , and Pulviniella Li Bing Zhang & X.M.Zhou by Zhou and Zhang (2015) , and to superclade Stachygynandrum /superclade C, superclade Heterostachys /superclade B, and IX. Rosulatae clade by Zhou et al. (2015c) .
All species in this clade have dimorphic vegetative leaves in four rows (at least on the distal parts of the plants), and most species have (Continued) rhizophores that clearly originate on the ventral side in branch dichotomies. In some species, however, the rhizophores are restricted to the base of the stems and are diffi cult to refer to either a ventral or dorsal position. Sporophylls can be either monomorphic or dimorphic, the latter resulting in bilateral strobili. Subgenus Stachygynandrum sensu Jermy (1986) is, both in previous studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Zhou et al., 2015c ) and in our analysis, shown to be nonmonophyletic. Jermy (1986) included most but not all species found in our clade B in his subg. Stachygynandrum , as well as all species in the gymnogynum, exaltatae, and lepidophyllae clades, and the Madagascan species in the ericetorum clade.
Th e stachygynandrum clade is by far the most diverse of the seven clades here recognized, and we identifi ed a number of subclades, which are discussed below.
Th e sinensis group -Th e sinensis group, the sister clade to the rest of the stachygynandrum clade comprises 10 species ( S. yemensis-S. sechellarum ; 13 accessions; Fig. 2C ) . Th e phylogenetic position of the group has been inconclusive in previous studies, and the very long branches involved have been suggested as being responsible for the problems seen Kenrick, 2002 , 2004 ) . In our present study, we expanded the taxon sampling and analyzed the data using Bayesian inference. Both approaches are known to decrease long-branch attraction eff ects ( Felsenstein, 1978 ; Anderson and Swoff ord, 2004 ), and we here show an unequivocal position of the group.
Morphology supports the inclusion of the sinensis group in the stachygynandrum clade. All species in the sinensis group have dimorphic vegetative leaves in four rows, monomorphic sporophylls in tetrastichous strobili, and ventral rhizophores-all features that defi ne the stachygynandrum clade. Morphological synapomorphies supporting the group itself have, however, hitherto been diffi cult to identify. Th e sinensis group is always well supported as monophyletic based on DNA sequence data ( Korall and Kenrick, 2002 ; Zhou et al., 2015c ; this study) , but the gross morphology is variable; species are adapted to drought (e.g., S. sinensis ) and to rain-forested regions (e.g., S. australiensis ). Confusion about the group's phylogenetic position has further been fuelled by the disjunct distribution of the group, with species in China, Australia, and Africa, as well as on islands in the Indian Ocean; Madagascar, La Réunion, and the Seychelles. In a preliminary analysis, Zhou et al. (2015c) found the sinensis group to be well supported as monophyletic, but nevertheless excluded the clade from further analyses. Th ey argued that more work was needed and referred to the lack of clear morphological synapomorphies; erroneously they cited Korall and Kenrick (2002) to have reported a possible pseudogene of rbcL in this clade.
We fi nd that the species within the sinensis group share some morphological features. Th ey all possess one (to few) basal megasporangia on the lower side of the strobili ( Hieronymus and Sadebeck, 1901 ; Stefanović et al., 1997 ; Zhang et al., 2013 ; S. Weststrand and P. Korall, personal observation), a feature also reported for the gymnogynum and exaltatae clades. However, in the sinensis group the megasporangia usually contain fewer than four megaspores. Most of the specimens we have studied have three megaspores per sporangium, and Hieronymus and Sadebeck (1901) reported 1-2 megaspores for "Gruppe der fi ssidentoides " (including, e.g., S. australiensis and S. fi ssidentoides ). Further, the specimens we have examined have a megaspore surface ornamentation with verrucae, blunt spines, and sometimes more elongated sculptural elements that oft en are sparsely distributed on the surface ( Stefanović et al., 1997 ; Korall and Taylor, 2006 ; Zhou et al., 2015b ; S. Weststrand and P. Korall, personal observation) . We note that S. australiensis also has megaspores with sparsely distributed verrucae, and the reticulate pattern reported by Korall and Taylor (2006) , based on a single megaspore, is most probably due to a misidentifi ed specimen. Other species that may belong in this group are S. fruticulosa (Bory ex Willd.) Spring, S. obtusa Spring, and S. viridula Spring ( Zhou et al., 2015c ) , all from islands in the Indian Ocean.
Th e S. nubigena-S. digitata clade -Th e clade (10 species, 13 accessions) is drought-adapted and sister to all species in the stachygynandrum clade except the sinensis group ( Fig. 2C ) . Th e morphology varies within the clade, from species that have slightly curled branch tips when dry (e.g., S. digitata ) to species with a rosetted habit, forming tight balls (e.g., S. tamariscina ). Th e clade and its position were retrieved also by Korall and Kenrick (2002) and by Zhou et al. (2015c ; IX. Rosulatae clade) , and it corresponds to subg. Pulviniella of Zhou and Zhang (2015) . We have increased the taxon sampling, showing that the clade has an even more cosmopolitan distribution than previously thought.
Th e megaspore surface ornamentation ranges from scabrate (e.g., S. digitata ) to mostly low and irregular verrucae that oft en cover the surface (e.g., S. imbricata ), thus diff ering from the sparser and coarser ornamentation seen in the sinensis group ( Minaki, 1984 ; Korall and Taylor, 2006 ; Zhou et al., 2015b , c ) .
Th e three mainly Asian-Australasian clades -Th ree clades with a mainly Asian-Australasian distribution, S. douglasii-S. arbuscula ( Fig. 2D, E ) , S. versicolor-S. roxburghii ( Fig. 2F ) , and S. moellendorffi i-S. biformis ( Fig. 2F ) , are all well supported based on DNA sequence data, as are the relationships among them and closely related groups.
Th e large S. douglasii-S. arbuscula clade (68 species, 98 accessions; Fig. 2D , E ) comprises all species outside Central and South America with bilateral strobili. Also included, and intermixed with these species, are species with monomorphic sporophylls in tetrastichous strobili ( Fig. 2D, E ) . Th e S. douglasii-S. arbuscula clade was also retrieved with strong support in earlier studies ( Korall and Kenrick, 2002 ; subg. Heterostachys of Zhou and Zhang, 2015 ;  clades X-XIII in superclade Heterostachys /superclade B of Zhou et al., 2015c ) .
Species with nonresupinate, bilateral strobili are members of the subclade S. tama-montana-S. helvetica , and many of these species have "loose" strobili with sporophylls somewhat distant from each other ( Fig. 2D ; Zhou et al., 2015c ) . Zhou et al. (2015c) suggested that the clade can be divided into two groups, one with species having loose, nonresupinate strobili, and the other with almost monomorphic sporophylls, i.e., S. denticulata and S. helvetica . However, neither their result nor ours support this division. Moreover, the result of Zhou et al. (2015c) , which included several accessions of S. helvetica , indicates with low support that the species is nonmonophyletic. Th e S. monospora-S. arbuscula subclade predominantly includes species with resupinate strobili ( Zhou et al., 2015c ) . Species found on Pacifi c Islands ( S. behrmanniana-S. arbuscula ) form a well-supported clade nested within this mainly Asian clade, a pattern also retrieved by Zhou et al. (2015c) . African species with bilateral strobili (e.g., S. goudotiana , S. sambiranensis , and S. soyauxii ) are for the fi rst time included in a phylogenetic analysis, and they are seen scattered among the other species in the S. douglasii-S. arbuscula clade ( Fig. 2D, E ) .
Th e stele in species in the S. douglasii-S. arbuscula clade ( Fig.  2D, E ) ranges from simply monostelic to actinostelic and tristelic, with a simple monostele being the plesiomorphic condition. In the weakly supported subclade of S. viridangula-S. mayeri ( Fig. 2D ), all studied species for which we have information are tristelic. Th e group was not retrieved as monophyletic by Zhou et al. (2015c) , but their result also showed low support. Zhou et al. (2015c) placed the neotropical S. hoff mannii Hieron. as a member of this clade, but we have examined one of the two vouchers ( C. J. Rothfels 08-088 , DUKE) and conclude that the specimen is actually S. plana , a species from Asia-Australasia. Both specimens included by Zhou et al. (2015c) were collected in a botanical garden in Costa Rica, which may explain the misidentifi cation. A three-lobed actinostele occurs in stems of the three species in the S. braunii -S. mairei subclade ( Fig. 2D ; Harvey-Gibson, 1894 ; Wardlaw, 1925 ; S. Weststrand and P. Korall, personal observation) . Detailed studies of S. braunii by Harvey-Gibson (1894) indicate that this actinostele diff ers from the actino-and actino-plectosteles seen in species in the exaltatae clade. In S. braunii , the actinostele of the erect stems arises from fusion of two vascular bundles in a bistelic rhizome ( Harvey-Gibson, 1894 ) . Th is character has not been reported in members of the exaltatae clade.
Megaspore ornamentation in the S. douglasii-S. arbuscula clade varies from verrucate and rugulate with protrusions of diff erent size and density, to reticulate ( Fig. 2D, E ) . Zhou et al. (2015c) highlighted some diff erences in the group, suggesting, e.g., a "disconnected laesurae" to be unique to the S. tama-montana-S. helvetica species ( Fig. 2D ) .
Th e second of the mainly Asian-Australasian clades, the wellsupported S. versicolor-S. roxburghii clade (20 species, 30 accessions; Fig. 2F ), includes species with simple monosteles and isophyllous strobili. Th e group was also retrieved by Korall and Kenrick (2002) Zhou and Zhang (2015) . Many species in the group have megaspores with a "zona", a thin projecting structure at the equator ( Minaki, 1984 ; Korall and Taylor, 2006 ; Zhou et al., 2015b , c ) . However, this feature is not unique to the clade; for example, S. involvens in the S. moellendorffi i-S. biformis clade ( Fig. 2F ) has a prominent zona, and a few Central and South American species have similar structures. Th e distinction between zona and curvaturae perfectae ( Punt et al., 1994 ) is sometimes unclear and may confuse the interpretation of this feature. Zhou and Zhang (2015) .
Th e mainly Central and South American clade -We found a strongly supported clade of almost exclusively Central and South American species, S. hirsuta-S. contigua (42 species, 62 accessions; Fig. 2G ), as sister to the S. moellendorffi i-S. biformis clade. Th e group was retrieved also in earlier studies, with strong ( Korall and Kenrick, 2004 ) or weak support ( Korall and Kenrick, 2002 ; Zhou et al., 2015c Zhou and Zhang (2015) , and clade XVI-XIX in superclade Stachygynandrum /superclade C of Zhou et al. (2015c) . About 20% of the species sampled possess bilateral resupinate strobili, but these do not form a monophyletic group ( Fig. 2G ) . Even though the species of the S. hirsuta-S. contigua clade occur mainly in the neotropics, the temperate North American species S. apoda and the African S. cathedrifolia were found to be members of this clade.
Enigmatic phylogenetic position of the sanguinolenta groupIn our study, we identifi ed a well-supported group, the sanguinolenta group, as having an unclear phylogenetic position that changes depending on the DNA region analyzed. Th e two species, S. sanguinolenta and S. nummularifolia , form a well-supported clade with the S. nummularifolia accession nested within S. sanguinolenta . In our analyses, the group was found in two diff erent positions. Th e combined three-region data set, the rbcL data set, and the SQD1 data set indicate, with weak to strong support, a position as sister to the rhizophoric clade (position α ; Fig. 1 ). On the other hand, an analysis of the single-region pgiC data set shows, with moderate support, a position as sister to clade B (position β ; Fig. 1 ). Zhou et al. (2015c) also retrieved these two topologies, the former using maximum likelihood and Bayesian inference analyses, the latter with parsimony analysis. Th ey interpreted the position found in the parsimony analysis as a possible result of GC-biased chloroplast data and ignored it without further discussion. However, we got the same topology using nuclear data ( pgiC data set), which were reported to not show a GC bias ( Smith, 2009 ) . Th e sanguinolenta group corresponds to subg. Boreoselaginella Warb. by Zhou and Zhang (2015) and II. S. sanguinolenta clade of Zhou et al. (2015c) .
Th e sanguinolenta group has a morphology that suggests that a position as part of the stachygynandrum clade may refl ect the true phylogeny (i.e., in line with position β ; Fig. 1 ). Vegetative leaves are dimorphic, grading into monomorphic, and arranged in four rows. Sporophylls are monomorphic in tetrastichous strobili ( Zhang et al., 2013 ) . Furthermore, the two species are xerophytic, and the sporangial arrangement shows megasporangia and microsporangia intermixed, or with megasporangia on the lower side of the strobili ( Zhang et al., 2013 ) . Th is indicates a phylogenetic position close to drought-adapted species, except for the sinensis group with their unique sporangial arrangement. Studies of megaspores further support this conclusion. Selaginella sanguinolenta and S. nummularifolia both have megaspores with an outer surface covered with densely packed verrucae ( Minaki, 1984 ; Liu and Yan, 2005 ; Zhou et al., 2015c ; S. Weststrand and P. Korall, personal observation) . A cross section of the exospore of S. sanguinolenta shows sheet-like structures ( Minaki, 1984 ; S. Weststrand and P. Korall, personal observation;  applying the terminology used by Korall and Taylor, 2006 ) , and the innermost layer has free rod-ends/protrusions (S. Weststrand and P. Korall, personal observation) . Th is combination of megaspore features is seen only in the stachygynandrum clade and more specifi cally in the S. nubigena-S. digitata subclade ( Fig. 2C ; Minaki, 1984 ; Korall and Taylor, 2006 ) . Species belonging to S. nubigena-S. digitata also share the xerophytic habit, and some species have nearly monomorphic vegetative leaves. In contrast to the ventral rhizophores seen in species in the stachygynandrum clade, as presented here ( Fig. 2 ) , members of the sanguinolenta group possess dorsal rhizophores. However, there are many examples of reversals and/or parallelisms in the evolution of morphological characters in Selaginella (e.g., Korall and Kenrick, 2002 ; this study) , and the occurrence of both ventral and dorsal rhizophores in the same plant is known, for example, in S. martensii (see, e.g., Harvey-Gibson, 1902 ). A possible position of the sanguinolenta group as part of the stachygynandrum clade should therefore not be rejected. Further studies with denser taxon sampling are needed to resolve unequivocally the affi nities of the group.
Based on megaspore morphology, Minaki (1984) suggested S. rossii (Baker) Warb. to be closely related to S. sanguinolenta , although they diff er in gross morphology ( Zhang et al., 2013 ) .
Morphological character evolution -Morphology in Selaginella has oft en been considered hard to interpret in an evolutionary context, and characters commonly used for defi ning subgroups have been shown to have complex evolutionary histories, with reversals and/or parallelisms (e.g., Korall and Kenrick, 2002 ; this study) . Nevertheless, in our study we showed that some of these characters (or at least character states) are phylogenetically informative.
Gross morphology-Rhizophores have probably originated once in Selaginella , in the ancestor of the rhizophoric clade (the sister group Isoëtaceae lacks rhizophores). However, it is unclear how the position of the rhizophore has evolved in the rhizophoric clade. All species in the stachygynandrum clade have ventral rhizophores (with the exception of the sanguinolenta group, if it belongs here), whereas species in clade A have dorsal rhizophores, with the possible exception of the ericetorum clade where the rhizophores arise from the rhizome ( Fig. 2A, B ) . In our study we distinguished between the major types of rhizophore positions: ventral or dorsal in branch dichotomies, at the base of stems, or along rhizomes. Th is distinction does, however, not refl ect every facet of the variation observed in this feature. Furthermore, as for most of the morphological characters discussed here, a full understanding of rhizophore morphology and evolution needs thorough comparative studies, both within and among species.
Anisophyllous vegetative shoots also probably arose in the ancestor of the rhizophoric clade, since the members of the sister group, the selaginella clade, have isophyllous shoots. Within clade A, there are reversals to isophyllous shoots in the rupestrae clade and in some species in the ericetorum clade. Phyllotaxy of vegetative shoots and strobili follows the same trend. In the selaginella clade, both vegetative leaves and sporophylls are helically arranged, while in the rhizophoric clade the strobili are tetrastichous and the vegetative leaves are mostly arranged in four rows, with a reversal to helically arranged vegetative leaves in the rupestrae clade. Stem articulations are present only in species in the gymnogynum and exaltatae clades in clade A ( Fig. 2B ) , but due to the unresolved relationships among major clades in clade A, the origin of the character is somewhat unclear.
Stelar arrangement-Stem stelar anatomy is complex in Selaginella . However, some character states/conditions appear to represent synapomorphies for clades found by analysis of DNA sequence data. A simple monostele seems to be the plesiomorphic condition in the genus. A bistelic stem is found only in the gymnogynum clade, but is scattered among the species in the clade ( Fig. 2B ) . A tristelic stem is found in one species in the gymnogynum clade ( S. articulata ) and is also a distinguishing character for a clade (weakly supported) of Asian-Australasian taxa in the stachygynandrum clade ( S. viridangula-S. mayeri ; Fig. 2D ). A lobed protostele (at least three-lobed) has arisen twice, in two separate, well-supported clades: once in the exaltatae clade ( Fig. 2B ) and once in a small clade in the stachygynandrum clade ( S. braunii-S. mairei ; Fig. 2D ).
We also confirm solenostelic rhizomes in the perennial species of ericetorum, a type of stele not seen for any other Selaginella species ( Fig. 2B ) . Th orough studies on more species (such as the study by Mickel and Hellwig, 1969 ) are needed for a full understanding of stelar anatomy in Selaginella.
Megaspore surface ornamentation-It is clear, from this and earlier studies, that megaspore morphology is phylogenetically informative in Selaginella, both with respect to surface ornamentation as well as exospore patterns in cross section ( Korall and Taylor, 2006 ; Zhou et al., 2015c ) . Megaspore morphology varies considerably, with surface ornamentation ranging from scabrate (i.e., almost smooth, with patterning <1 μm), to solitary protrusions (verrucae, spines), to more elongate sculpturing (e.g., rugulae), or more or less closed reticulate patterns. Th e diff erent types of sculpturing (see Punt et al., 1994 , for terminology) grade into each other, and the density of the sculpturing varies (sometimes mentioned but rarely quantifi ed, but see Korall and Taylor, 2006 ) . As a consequence, it is oft en problematic to defi ne clearly separated states of megaspore ornamentation. Th ese unclear boundaries also aff ect how the terminology is applied by diff erent authors, leading to diffi culties when comparing studies.
Here, we chose to map only three diff erent main types of megaspore ornamentation: scabrate, solitary protrusions, and reticulate. Th ese patterns grade into one another, but assigning discrete character states allows us to study general trends; a caveat is that data on megaspore morphology is missing for ca. 40% of the studied species ( Fig. 2 ) . Species in the selaginella clade have megaspores with solitary protrusions. In clade A, we see almost exclusively reticulate megaspore sculpturing. In clade B/the stachygynandrum clade, the plesiomorphic condition seems to be solitary protrusions, with reticulate megaspores found in at least three clades: in a subclade of S. viridangula-S. mayeri ( Fig. 2D ) , in a subclade of S. monospora-S. arbuscula ( Fig. 2E ) , and as a possible synapomorphy for a large clade of S. versicolor-S. contigua ( Fig. 2F, G ) . Scabrate megaspores are found mainly in the rupestrae clade in clade A ( Fig. 2A , these species show interspecifi c variation ; Tryon, 1949 ; Korall and Taylor, 2006 ) and in the S. nubigena-S. digitata clade in clade B ( Fig. 2C ) .
Other megaspore features, besides surface ornamentation, are likely synapomorphies of clades within the genus. For example, wing-like laesurae combined with high porosity at the proximal pole occur in the ericetorum clade, and granules on the inner surface of exospores support the clade of lepidophyllae plus rupestrae. Other features are phylogenetically informative but involve parallelisms and/or reversals; examples are very ordered, grid-like pattern in cross sections of exospores in the clades gymnogynum, exaltatae, and parts of ericetorum, or the zona seen mainly in species in the S. versicolor-S. roxburghii clade (see, e.g., Korall and Taylor, 2006 ) .
Th is and other studies that have evaluated megaspore morphology in a phylogenetic framework ( Korall and Taylor, 2006 ; Zhou et al., 2015c ) indicate that both surface ornamentation and exospore cross section will also be phylogenetically informative for clades closer to the tips of the phylogeny. However, we see problems when trying to unequivocally assign megaspores to specifi c spore types, where all features are lumped into one description ( Minaki, 1984 ; Zhou et al., 2015b ) . We therefore suggest that a more analytical approach is needed, where morphological characters and character states (quantitative and qualitative) in megaspores are identifi ed, delimited, and evaluated in a phylogenetic context.
Bilateral strobili-A morphological feature used in earlier Selaginella classifi cations is the presence of bilateral strobili. Baker (1883) included all species with bilateral, resupinate strobili in subg. Heterostachys Baker and those with nonresupinate strobili in subg. Homostachys Baker. Th ese groups have persisted in later morphologybased classifi cations (e.g., Walton and Alston, 1938 ; Jermy, 1986 ) . However, in agreement with earlier phylogenetic studies on Selaginella ( Korall and Kenrick, 2002 ; Zhou et al., 2015c ) , we confi rm that species having resupinate strobili are scattered in diff erent well-supported subclades within the stachygynandrum clade ( Fig.  2D, E, G ) . Species with nonresupinate strobili are restricted to the S. tama-montana-S. helvetica clade, but it is unclear if they represent a monophyletic group. Monomorphic sporophylls seem to be the plesiomorphic state for the family, with several origins of dimorphic sporophylls in the stachygynandrum clade. In their recent classifi cation, Zhou and Zhang (2015) retained subg. Heterostachys but with a new circumscription that attempts to defi ne a monophyletic group. Th ey excluded all Central and South American species with resupinate strobili, but included in subg. Heterostachys species with monomorphic sporophylls.
Rosette-forming xerophytes-Th e rosette-forming, xerophytic Selaginella species (sometimes referred to as resurrection plants; their branches curl inwards into a ball when dry and uncurl when moisturized) have in some of the earliest Selaginella classifi cations been conjoined in one group (e.g., Spring, 1840 Spring, , 1849 Baker, 1883 ) . However, we confi rm the results of previous phylogenetic studies ( Korall and Kenrick, 2002 ; Zhou et al., 2015c ) that show that the rosette-forming species are scattered in Selaginella : two species in the lepidophyllae clade and six species in diff erent positions in the stachygynandrum clade ( S. convoluta , S. pilifera , S. pulvinata , S. tamariscina , S. nothohybrida , and one of the two morphological forms of S. pallescens , Fig. 2A-G ) . Th us, the rosetted habit in Selaginella appears to have evolved independently at least three times, in clades with other dry-tolerant species. Members of the lepidophyllae clade are distinguished from the other rosette-forming species by having dorsal rhizophores.
Chromosome numbers-Chromosome numbers have been discussed in previous phylogenetic studies of Selaginella ( Korall and Kenrick, 2002 ; Zhou et al., 2015c ) and have been used in classifi cation ( Zhou and Zhang, 2015 ) . Karyological data for Selaginella are known for only about 15% of the species, and the base chromosome numbers for the genus are suggested to be x = 7, 8, 9, 10, 11, and 12 (e.g., Manton, 1950 ; Tschermak-Woess and Doležal-Janisch, 1959 ; Kuriachan, 1963 ; Jermy et al., 1967 ; Ghatak, 1977 ; Takamiya, 1993 ; Marcon et al., 2005 ) , even though the existence of x = 11 has been questioned ( Jermy et al., 1967 ; Takamiya, 1993 ) . Th e vast majority of the species studied are diploids having 2 n = 18 or 2 n = 20, and both Takamiya (1993) and Marcon et al. (2005) suggested that the karyological pattern for the genus is complex, with dysploidy occurring repeatedly. Th is conclusion is clearly supported by our data, despite the lack of information for many species. However, given scarce data, it is problematic to reliably reconstruct chromosome number evolution. With the inclusion of new taxa in this study, along with some additional chromosome data from the literature, we have re-evaluated the utility of chromosome numbers as diagnostic features in a classifi cation. With respect to the recent classifi cation of the genus by Zhou and Zhang (2015) the reported chromosome numbers for one of their six subgenera and eight of their 18 sections are problematic. Th ese include their subg.
Pulviniella ( S. nubigena-S. digitata in our phylogeny), which, with our addition of S. convoluta (2 n = 24; Marcon et al., 2005 ) , has new chromosome counts of 2 n = 20, 24, and their subg. Stachygynandrum sect. Ascendentes ( S. versicolor-S. roxburghii in our phylogeny), which now includes species with chromosome counts of 2 n = 16, 18, and 3 n = 27 ( S. kerstingii with 2 n = 16 and S. bluuensis with 3 n = 27 ; Jermy et al., 1967 ) . Th e other seven sections of Zhou and Zhang (2015) for which the given chromosome numbers are doubtful are all in their subg. Stachygynandrum : sect. Circinatae , Heterophyllae , Heterostachys , Oligomacrosporangiatae Hieron. & Sadeb., Pallescentes , Plagiophyllae , and Proceres . Furthermore, some of the available chromosome counts are reported from cultivated specimens with ploidal levels that likely are a result of human selection (e.g., S. martensii with 2 n = 50-60; Jermy et al., 1967 ) . We conclude that with the limited information available on chromosome number, and the demonstrated evolutionary complexity in the genus, chromosome numbers should be used with caution.
Species delimitations and alpha taxonomy -Historically, Selaginella is a genus beset with taxonomic confusion, in part because of the large number of species. Contributing to the confusion is the seemingly undiff erentiated gross morphology and a paucity of modern monographic treatments that consider the totality of species in a phylogenetic context. Th ese factors have lead to great diffi culty in identifying species. A major problem is the lack of basic fl oristic work in many parts of the world. In this study we have, when possible, included several accessions per species to get a rough idea of the present status of the alpha taxonomy. We have taken a cautious approach when including previously published accessions and have excluded most accessions that would render species nonmonophyletic, unless we could verify the identity of the specimens. Nevertheless, we have shown that nonmonophyletic species defi nitely are present in our phylogeny (e.g., S. delicatula , S. gracillima , S. haematodes , S. novae-hollandiae , S. pallescens , and S. plana ), with the caveat that some specimens still may be misidentifi ed, despite our eff orts. With the constraints adopted, we have found fewer nonmonophyletic species than previously reported ( Zhou et al., 2015c ) .
Some of the nonmonophyletic species are variable morphologically, such as S. novae-hollandiae , whereas others are represented by accessions that are morphologically very similar, despite their obvious nonmonophyly (e.g., S. delicatula and S. haematodes ). Similar scenarios are seen at the species level, where two species may be almost identical, but are found in diff erent positions in the tree. Th e two Asian species, S. chrysocaulos and S. labordei (here represented by two and fi ve accessions, respectively; Fig. 2E ), are found in diff erent subclades in the stachygynandrum clade, despite having very similar morphology. Th e feature that most easily distinguishes herbarium material of the two species is the sporophyll margins that in S. labordei are white and slightly more ciliolate than those of S. chrysocaulos . Before our reidentifi cations, herbarium specimens included in our study were variously determined as one or the other, highlighting the diffi culty in identifi cation. Contradictions in published phylogenies and the resultant classifi cations still exist. As an example, contrary to our study, Zhou et al. (2015c) found their S. chrysocaulos accession in a position close to S. labordei ; further study is needed to resolve this issue, which is perhaps due to misidentifi cation. Th e same pattern is also true for S. bisulcata and S. pennata , two species with very similar gross morphology, which in our study are found in two separate clades ( S. douglasii-S. mayeri and S. monospora-S. arbuscula , respectively) , in contrast to Zhou et al. (2015c) , who depicted the two species as sister taxa.
We also note possible species complexes with unclear species boundaries, such as the three Madagascan species in the ericetorum clade: S. lyallii , S. moratii , and S. pectinata . In the sanguinolenta group, S. nummularifolia is nested within S. sanguinolenta (Appendices S1-S4), with the latter species showing remarkable intraspecifi c variation at the DNA sequence level, as well as in morphology ( Zhang et al., 2013 ) , indicating that the species boundaries are unclear.
Our increased understanding of the evolutionary relationships in Selaginella , from this and earlier studies ( Korall et al., 1999 ; Kenrick, 2002 , 2004 ; Korall and Taylor, 2006 ; Arrigo et al., 2013 ; Zhou et al., 2015c ) , together with supporting morphology, provide a framework for addressing the alpha taxonomy of welldefi ned smaller groups within the family.
Concluding remarks on the evolutionary relationships of Selaginella -In this study, we have presented a robust hypothesis of the evolutionary relationships within Selaginella , building upon earlier phylogenetic studies and with an increased taxon sampling, covering both the morphological and geographical diversity in the genus. We have also shown morphological characters that correlate with this hypothesis, based on analysis of DNA sequence data. We resolved the position of the sinensis group, and we addressed the position of another enigmatic group, the sanguinolenta group, using morphology. 
